PIWI proteins and their associated small RNAs (PIWI-interacting RNAs, piRNAs) are essential for fertility in mammals.
1,2 piRNAs (24-35 nt) are longer than miRNAs (21-23 nt) and have 2'-O-methyl-modified 3' termini. [3] [4] [5] [6] Like miRNAs, piRNAs bind members of the Argonaute family of proteins, but piRNAs are unique in that they guide PIWI proteins, a specialized subfamily of Argonaute proteins that are expressed mainly in germ cells. 1 The sequences of piRNAs are more diverse than any other known class of cellular RNAs. For example, our 8.8 million piRNA reads in a deep sequencing library from adult mouse testis comprised 2.7 million different piRNAs; > 90% of piRNA species were sequenced just once.
piRNAs map to large blocks of genomic sequence called clusters. 4, 5 The architecture of piRNA clusters suggests that mature piRNAs derive from precursor transcripts via multiple RNA processing steps. While > 80% of piRNA reads in flies map to transposons, ~93% of adult mouse piRNA reads map to a single site in the genome. That so many mouse piRNAs map uniquely to the genome facilitates the study of their precursor transcripts. Using total RNA sequencing, we detected long RNAs (> 100 nt) from piRNA clusters. Chromatin immunoprecipitation of RNA polymerase II and III suggests that these transcripts are transcribed by RNA polymerase II. Consistent with mouse piRNA precursors being RNA polymerase II transcripts, the long RNAs bear a standard cap structure (detected by cap analysis of gene expression; CAGE), and their 3' ends possess a poly(A) tail (detected by polyadenylation site sequencing; PAS-seq). 7 Historically, piRNA clusters have been defined computationally using mature piRNA sequences. Thus, clusters are not transcriptional units. When we began our studies, it was unknown whether piRNAs originated from single continuous transcripts or multiple short transcripts, as they do in nematodes. The location of piRNA precursor transcription start sites (TSSs) and promoters or whether they are spliced was also unknown. We discovered the first transcription factor regulating piRNA biogenesis by analyzing a subset of 15 clusters that appeared to be transcribed bidirectionally. In these clusters, a short piRNA region lacking piRNA separates piRNAs mapping to the genomic minus strand from those mapping to the plus strand. These putative bidirectional promoter regions contain binding motifs for the MYB family of transcription factors (E = 8.3 × 10 −12 ). We used the subset of clusters for motif finding, because the computationally defined boundary of most clusters is more than 3 kbp away from experimentally determined TSSs. Accurately annotating the TSSs of piRNA cluster transcripts allowed us to discover that MYB motifs are significantly enriched (E = 9.1 × 10 −28 ) in 100 piRNA promoters, including both bidirectional and unidirectional transcribed clusters. 7 This allowed us to define the transcription units of piRNA-producing loci and replace the previous computationally defined cluster annotations.
We identified primary piRNA transcripts by a combination of de novo and reference-based transcript assembly using paired-end total RNA sequencing. We further corrected the ends of these transcripts using CAGE and PAS. Our data allowed us to define 467 piRNA precursor transcripts derived from 214 piRNA-producing loci. 7 The 214 loci constitute just 0.33% of the mouse genome yet account for 95% of piRNAs in the adult mouse testis.
The 214 loci can be divided into two different types of piRNA-producing genes. Genic piRNA loci are known protein-coding genes that also produce piRNAs and are mostly expressed during early spermatogenesis before the pachytene stage of meiosis. Historically, piRNAs mapping to these genes have been referred to as pre-pachytene piRNAs. 8 Intergenic piRNA loci lie far in the genome from other annotated genes. Most piRNAs from these loci are detected after 12.5 days postpartum and have been called pachytene piRNA clusters.
The transcription factor A-MYB binds at the promoters of the pachytene piRNAproducing loci, and the loss of A-Myb depleted both piRNA precursor transcripts as well as mature piRNAs across the length of the loci. 7 Thus, our data represent the first formal demonstration that long RNA polymerase II transcripts are the precursors of mature piRNAs in mammals. That is, piRNAs are derived from long, continuous RNAs that are subsequently fragmented and processed into piRNAs (Fig. 1) . The set of piRNA loci and well-annotated piRNA precursor transcripts defined by our work provide an invaluable resource for further study of piRNA biogenesis and function. Figure 1 . a model for pirNa biogenesis. Primary pirNa transcripts are transcribed by rNa polymerase ii and contain 5' caps, exons and introns and poly(a) tails. the transcription of pachytene pirNa genes is controlled by a-MyB; transcription factor(s) (tF) controlling pre-pachytene pirNa genes remain to be discovered. Current models of pirNa biogenesis propose that PLd6 determines the 5' end of pirNa intermediates with lengths > 30 nt. these intermediates are proposed to then be loaded into PiWi proteins. after PiWi binding, a nuclease is thought to trim the 3' end of the pirNa to the length characteristic of the particular bound PiWi protein. Finally, further trimming is prevented by addition of a 2'-O-methyl group to the 3' end of the mature pirNa by the S-adenosylmethionine-dependent methyltransferase Hen1.
